Background: Although autogenous bone grafts are considered the gold standard for bone regeneration, they have certain limitations, including patient morbidity at the harvest site. Synthetic bone substitutes have been developed to overcome some of these limitations. The present study aimed to compare the osteogenic properties of Straumann Bone Ceramic (SBC), which is a biphasic calcium phosphate, with Bio-Oss, an inorganic bovine bone material, in an animal model.
INTRODUCTION
The demand for an ideal nonautogenous bone grafting material is increasing due to its unlimited supply, easy storage, and sterility [1] . Synthetic bone replacements Ultimately, the successful repair of bony defects with biomaterials is dependent on sufficient vascularization at the implantation site [3] . Ultrastructural analysis, inorganic chemistry, and new processing modes have been used to develop fully synthetic bone graft materials applicable to the reconstruction of osseous defects [4] . To select the appropriate biomaterial for a given situation, a clinician should consider the physical, chemical, biologic, and processing features of a bone graft. The size and geometry of the bony lesions, as well as the surgical conditions of each patient (e.g., blood supply and mechanical stress), also influence treatment outcomes [5, 6] . Autogenous grafts are considered the gold standard for bone grafting due to their biologic origin and activity. However, the harvesting of autogenous grafts frequently requires additional surgery, and access to donor sites may be limited; these facts have prompted a search for alternative methods and materials [5] .
Allograft materials (processed bone from the same species), such as freeze-dried bone and demineralized freezedried bone, have been used for many decades. However, the possibility of disease transmission, although very low, may lessen the desirability of these materials [7, 8] .
Alloplastic calcium phosphate bone substitutes, such as hydroxyapatite (HA) and tricalcium phosphate (TCP), have been studied because their composition closely resembles the inorganic phase of bone tissue [9] . HA was used extensively in the 1980s but did not induce proper bone remodeling due to chronic inflammation associated with the very slowly resorbing HA granules, which remained unaltered for an extended period of time. TCP has been shown to have superior resorption characteristics. However, its early resorption, prior to cellular attachment and lymphocytic infiltration, has been associated with unsatisfactory results [4] . The HA/TCP ratio can be manipulated to change the substitution rate and bioactivity of calcium phosphate materials, an advantage that has made them clinically useful in oral and orthopedic surgery [9] .
One commonly used bone substitute, Bio-Oss (Geistlich Sons Ltd. Wolhusen, Switzerland), is a xenograft (inorganic bovine bone) that promotes new bone formation, does not interfere with bone healing [10] [11] [12] [13] , and possesses osteoconductive properties that are superior to those of beta-TCP. Another substitute, Straumann Bone Ceramic (Straumann AG, Basel, Switzerland), is a fully synthetic bone substitute material. It is composed of biphasic calcium phosphate (60% HA and 40% beta-TCP). This combination of a nonabsorbable and bioinert material such as HA with a highly resorbable material (i.e., TCP) [14] is bioactive, bioresorbable, and biocompatible, and it has a high osteoinductive potential [15, 16] . This material may offer better conditions for bone regeneration when compared to traditional bone substitutes [17] . However, some studies have concluded that this material is only osteoconductive [18, 19] , similar to Bio-Oss [19] .
Despite these developments, an ideal substitute for autologous bone is not yet available. The purpose of this study was to histologically and histomorphometrically evaluate the bone repair quality of Straumann Bone Ceramic (SBC) and Bio-Oss in experimental defects prepared in rabbit calvaria. The main hypothesis of this study was that the higher resorption rate of Straumann Bone Ceramic would promote more bone formation than Bio-Oss.
MATERIALS AND METHODOLOGY
The experimental alloplasts used in the present study were the large-size bone ceramic (L-SBC), with a particle size of 500 to 1000 m, and small-size bone ceramic (S-SBC), with a particle size ranging from 400 to 700 m. Both materials were made of beta-TCP and HA (40% beta-TCP, 60% HA). Both the L-SBC and S-SBC materials were sintered at 1100°C to 1500°C and processed to a final porosity of 90% and a pore size of 100 to 500 m.
After careful planning of an interventional animal study and approval by the Ethical Research Committee of the Tehran University School of Dentistry, 13 white New Zealand rabbits were included in this experimental animal study. The mean weight of the rabbits was 2.5 kg. The rabbits were kept on a uniform standard feeding regimen (BabyRabbitPellets, M-0662, Masterfeeds Division, Maple Leaf Mills Ltd, London, Ontario, Canada) starting 2 weeks prior to the study. The study was performed at the Dental Research Center, School of Dentistry, Tehran University of Medical Sciences.
The rabbits were placed under general anesthesia by injection of 10% ketamine and 2% xylazine. The calvarium of each animal was scrubbed with 7% Betadine (povidoneiodine) and the hair on the surgical area was shaved. The area was then isolated with a sterile drape and scrubbed with 7% Betadine for 5 minutes. An anteroposterior (craniocaudal) 10-cm straight incision was made. The skin and subcutaneous tissues were elevated with a periosteal elevator. Using an angled handpiece motor and a 6.5-mm-diameter trephine bur, the authors created four identical circular defects in the calvarium (Fig. 1A) under external irrigation with normal saline. Anatomic landmarks were referenced to standardize the location of defects; these included the occipital process and the craniocaudal suture. Three types of materials were used to fill three of the defects: (1) large-size bone ceramic (L-SBC), (2) small-size bone ceramic (S-SBC), and (3) Bio-Oss with a particle size of 250 to 1000 m. The fourth defect was left unfilled and served as the control. To eliminate bias in defect location, the defect fill sequence (two in frontal bone and two in parietal bone) was varied as follows. In the first rabbit, the defects were treated randomly with the three aforementioned materials and the fourth defect was left unfilled as the control. Then these positions were changed rotationally (clockwise) for the other rabbits (Fig.  1B) . All locations were recorded on charts.
Following placement of the biomaterials, the periosteum was sutured into place with 4.0 Vicryl (Ethicon, Somerville, NJ, USA) and the skin of the calvarium was sutured with 3-0 Nylon (Ethicon, Somerville, NJ, USA). The experimental animals were transferred to a room with a constant temperature of 37°C. To control postoperative pain and swelling, 0.1 mL of ketoprofen was administered daily for up to 3 consecutive days. In addition, 0.6 mL of enrofloxacin (Baytril, Bayer Corp, Shawnee, KS, USA) was administered subcutaneously. One group of rabbits was sacrificed 4 weeks after the surgery and the other group was sacrificed after 8 weeks. The animals were sacrificed with an injection of 2 mL intravenous sodium thiopental into the marginal auricular venules.
Samples were then collected from the surgical areas of the experimental defects. The calvarium was detached from the skull with a saw and fixed in 10% buffered formalin. The distances from the sagittal suture and the parietooccipital suture had been measured and precisely marked prior to the creation of defects; therefore, the same locations were used in all animals, based on the same distances from those sutures.
Histologic sections were prepared from the defect areas, which included the surrounding natural bone. All samples were prepared for hematoxylin and eosin (H&E) staining. First, they were fixed in 10% formalin for 5 days and then they were decalcified with 10% formic acid (Bayer, Germany) for 5 days. During this process, the acid was changed daily and the degree of decalcification was evaluated manually. After decalcification was complete, the samples were put into lithium carbonate for 5 minutes and then each specimen was divided into two parts at the center and prepared for histologic examination in a routine manner. The samples were put into an automatic autotechnicum machine. In this machine they were put into a series of graded alcohol concentrations for dehydration as well as xylol. After they were mounted in paraffin from the cut side, histologic sections (5 m) were created and stained with H&E.
Histologic preparation of all the samples was performed in one laboratory with the same standard technique. Materials and stains were the same for all specimens and were checked regularly based on a national standard program. Although all the samples were not prepared in a single day, they were divided into three groups, each of which was prepared simultaneously. At least five sections were taken from each sample, and all sections were checked precisely. All specimens were observed with a double-head light microscope (BX-41, Olympus, Japan) at 20 magnification by two blinded oral pathologists, who were not informed about the source of each sample (e.g., S-SBC, control) and who had been previously calibrated in evaluating bone histomorphometric parameters. In the event of disagreement about a sample, the pathologists examined the sample together to reach an agreement about the scores.
Four qualitative variables were examined.
1. The intensity of inflammation, according to lymphocytic infiltration around the bone graft materials in the examined defects. Grade 0 (no inflammation): 0-100 lymphocytes; grade 1 (mild inflammation): 100-500 lymphocytes; grade 2 (moderate inflammation): 500-1000 lymphocytes; and grade 3 (severe inflammation): more than 1000 lymphocytes.
2. Presence of a foreign-body reaction, as manifested by the presence of foreign-body giant cells in a granulomatous response. Grade 0 (no foreign-body reaction): 0 foci; grade 1 (mild foreign-body reaction): 0-10 foci; grade 2 (moderate foreign-body reaction): 10-30 foci; and grade 3 (severe foreign body reaction): more than 20 foci.
3. The amount of regenerated bone. Digital photographs were taken of each sample through a light microscope at 20 magnification (DP-12, Olympus, Japan). In each case, the photographic field was selected from the middle portion of the prepared calvarial opening. These digital photographs were stored and subsequently analyzed by SigmaScan Pro Image Analysis software, Version 5.0, and Adobe Photoshop CS2. In this analysis, the number of pixels in different parts of the image was calculated digitally, and then the average numbers of pixels of regenerated bone were calculated. The entire surgical site was checked for qualitative measures (the surgical area was easy to locate under the microscope, as it was filled with graft material, and graft material was easily detectable). However, only the central part of each surgical site in each section (consisting of 1 mm 2 ) was selected for evaluation of quantitative measures (bone formation and remaining graft material) to minimize the influence of the native bone present around the border of the cavity on any bone repair mechanisms effected through the graft material. The histologic characteristics of bone, connective tissue, and graft materials were completely different, so they were easily differentiated and determined based on their specific characteristics; stain intensity (color threshold) was just one of these parameters. The color thresholds for bone, graft material, and connective tissue were different and the borders of these areas were easily detectable. Based on these factors, the amounts of bone, graft material, and connective tissue were determined separately in the images, calculated digitally by a software program, and expressed in pixels, as determined by the agreement of two observers and measured with the microscope ruler. The staining intensity was evaluated qualitatively and determined by the agreement of two observers.
4. The remaining substitute material was expressed as a number by using the same method described for determining the amount of regenerated bone.
Obtained data were analyzed using SPSS version 16 (SPSS Inc, Chicago, IL, USA). To compare the effects of the type of biomaterials on each of the indices, Friedman nonparametric and post hoc tests (using the Bonferroni correction) were used. Mann-Whitney tests were used to compare No differences were found between groups at any time period (P > .05).
histologic and histomorphometric indices between the two follow-up periods.
RESULTS
Fifty-two defects, each 6.5 mm in diameter, were prepared using a trephine bur in the calvaria of 13 rabbits. Each of the three graft materials was used to fill in 13 defects, and 13 defects were left unfilled (controls). Histologic sections were prepared at weeks 4 and 8 and examined microscopically (Figs. 1C to 1F) . Six and seven rabbits were sacrificed at weeks 4 and 8, respectively. Some samples could not be processed histologically and therefore could not be evaluated (Tables 1 to 3) .
The intensity of inflammation and the foreign-body responses of all specimens were evaluated qualitatively. Table  1 presents the inflammation and foreign-body reactions observed in each study group according to healing time and intensity. The least amount of inflammation was observed in the control group, followed in order by the Bio-Oss, S-SBC, and L-SBC groups. In terms of inflammation, significant differences (P < .05) were found between the control and Bio-Oss sites, the control and S-SBC sites, the control and L-SBC sites, and between the Bio-Oss and L-SBC sites (P < .05). However, no significant differences in inflammation were seen between the L-SBC and S-SBC groups. With regard to the presence of multinucleated giant cells, there were significantly more cells observed for the grafted groups than for the ungrafted control group (P < .05).
The means and standard deviations of the amount of regenerated bone and the amount of substitute material remaining in the defects at each time point are presented quantitatively in Table 2 and qualitatively in Table 3 . The amount of bone formed in the Bio-Oss group was greater than that seen for other groups, although this difference was not statistically significant (P > .05). The control sites showed the next highest amount of bone formation, followed by the L-SBC and S-SBC sites, in that order, although, again, these amounts were not statistically different.
There was significantly more regenerated bone at 8 weeks after surgery compared to 4 weeks postsurgery in the Bio-Oss group (P < .05). This change was not significant for the other groups (P > .05). No other statistically significant differences were observed between the fourth and eighth weeks (P > .05).
DISCUSSION
In the present study, the amounts of regenerated bone and remaining graft material, along with the severity of inflammation and foreign-body reactions, were compared between groups of defects grafted with S-SBC, L-LBC, or Bio-Oss or left unfilled and allowed to heal for 4 or 8 weeks. The authors observed significantly more inflammation at sites grafted with Bio-Oss compared with the control (ungrafted) group. These findings were consistent with those of other investigators, who observed similar results for Bio-Oss [19, 20] . However, other studies observed no proliferation of inflammatory cells following the application of Bio-Oss for maxillary sinus augmentation and the rehabilitation of other facial skeletal structures [14, [21] [22] [23] [24] [25] . These differences could be a result of variations in study designs, sampling techniques, operator accuracy, and histologic criteria. In addition, the present authors found significantly more inflammation in the sites treated with bone ceramic, especially in the L-SBC group, compared to the control and Bio-Oss groups. The release of microparticles from biphasic materials (resulting from insufficient sintering) and the larger particle size of L-SBC may have resulted in localized inflammation [26, 27] .
With regard to foreign-body responses and the presence of multinucleated giant cells, the grafted sites showed significantly more of a response than the ungrafted sites. L-SBC and Bio-Oss showed the greatest and the least degrees of foreign-body reaction among grafted sites, respectively. The presence of these inflammatory cells could be indicative of a host reaction to inert materials [26] . The semi-osteoclastic multinucleated cells play an important role in the resorption and the substitution of biomaterials.
In the present study, the amount of bone formed in the Bio-Oss-grafted sites was greater than that seen in the other groups, although no statistically significant difference was found. These results are consistent with many previous studies, which have shown Bio-Oss to be a biocompatible material with a good potential for bone formation [10, 11, [28] [29] [30] [31] . The porosity and particle shape of this material increase the surface area, which may make Bio-Oss an appropriate scaffold for the penetration of cells mediating osteogenesis and angiogenesis [20] . The control, L-SBC, and S-SBC groups showed less bone formation, in that order. However, again, this difference was not significant. The greater inflammation observed at the bone ceramic-treated sites may have interfered with osteogenesis. The small particle size for the S-SBC group may have resulted in compaction of the material, resulting in less space between particles for angiogenesis and therefore less bone formation. The present results showed that there was no significant difference in bone regeneration between the control group and the other groups. This finding is inconsistent with previously published results [16] [17] [18] [19] [20] . The authors speculate that the thick periosteal layer of rabbit calvaria, which was carefully sutured during wound closure, may have acted as a natural barrier membrane to induce guided tissue regeneration.
There was a significant difference in the amount of regenerated bone after 8 weeks compared to 4 weeks in the Bio-Oss group. Also, more secondary bone formation was observed at 8 weeks in the Bio-Oss group. The lower degree of inflammation in the Bio-Oss group may have resulted in less cell damage [11, 32] , which, in turn, may have contributed to faster bone maturation.
The amount of remaining bone substitute was not significantly different between the study groups. L-SBC showed the highest percentage of remaining graft material, followed by Bio-Oss and S-SBC. The resorption of graft materials by cellular activity is affected by the particle size and the composition and porosity of the material. Larger particles require more time to resorb [33, 34] . The bone substitutes used in this study had three different sizes: S-SBC, with a particle size of 400 to 700 m; L-SBC, with a particle size of 500 to 1000 m and a beta-TCP/HA ratio of 40 to 60; and Bio-Oss, with a particle size of 250 to 1000 m [35, 36] . It is not surprising that the L-SBC had the most remaining material. However, it is surprising that more S-SBC material remained than Bio-Oss, even though the S-SBC particles were somewhat smaller than the Bio-Oss particles. This may be related to the percentage of HA in the S-SBC, which made its resorption time longer, or it may be related to the different shape of the SBC particles; whereas the SBC particles are round, the Bio-Oss particles are irregularly shaped. This may have resulted in more space between particles, influencing angiogenesis. Also, although Bio-Oss is also available in a 1000-to 2000-m size, this was considered too large for the rabbit model. Some studies have shown that larger defects that are filled with HA take longer to be replaced by bone than smaller defects [33, 34, 37, 38] . Since the particles had a range of sizes, it is possible that smaller particles in the S-SBC filled in around larger particles, eliminating spaces that would otherwise have allowed for vascular and osteogenic ingrowth. The goal of the present study was to compare synthetic bone (Straumann Bone Ceramic, which is composed of HA and beta-TCP and is available in small-and largeparticle versions, both of which are smaller than 1000 m) with Bio-Oss (natural HA). There is some overlapping of particle sizes in the experimental groups, and this may have contributed to the lack of differences between materials observed here. However, the particle size for both experimental groups was smaller than 1000 m. This selection of small particles minimizes the bias that particle size might have on bone formation (i.e., different rates of angiogenesis between the particles). Other studies have showed that differences in particle size influenced the outcome [39] . However, Chackartchi et al. observed, in a histomorphometric analysis, that both granule sizes produced the same pattern of bone formation: bone surrounded the graft granules and produced a network of bridges between graft particles [40] . In addition, the authors considered it more appropriate to use smaller particles because more particles could be utilized to fill the small defects in rabbits, whereas only a few larger particles could have been used.
The HA in Bio-Oss is natural and, unlike the synthetic HA that is used in SBC, may undergo physiologic remodeling and resorption, which promote bone formation. SBC is a bone substitute (a synthetic bone graft material), while BioOss is a xenograft, a deproteinized bovine bone material. A study of Park et al. [41] concluded that HA was better than the Bio-Oss as an osteoconductive bone substitute for treating osseous defects in critical-size defects of rat calvaria. Similar findings were observed author when rabbit calvarium was used. In 2008, Schwartz et al. [42] selected bone graft material based on their relative resorption or degradation in vivo and their osteogenic properties. The authors recommended that bone graft materials should be selected not only for their ability to support new bone formation but also for their impact on the remodeling phase of bone healing. With bovine bone mineral, in contrast to synthetic hydroxyapatite and bioactive glass, a larger number of particles were covered with osseous tissue in a histological study of comparison of biomaterial implants in the dental socket [43] .
The authors' expectations regarding the higher bone resorption rate of bone ceramic compared to Bio-Oss did not turn out to be correct; perhaps the study time intervals and the number of the samples may have been influential. However, it should be noted that in histomorphometric studies, bony surfaces are detected using a software program and represented as "pixel counts." The development and distribution of the bone components, along with the sum of the bony surfaces, may be one reason that a higher resorption rate for bone ceramic was not found. In the present study, the authors observed a narrow band of bone (Figs. 1C to 1F) . Since no space-occupying material existed in this band, the high pixel count may be attributed to software overestimation. The osteogenesis pattern was similar for control defects. In the other groups, however, the thickness of the defects was preserved and new bone was being formed across a broader surface area. Of course, the remainder of the bone substitute material occupied the remaining defect space. This may have resulted in a decreased pixel count of newly formed bone despite the seemingly appropriate thickness of the defect. If more time had been allowed for healing following defect creation and grafting surgery, further resorption of the bone substitute material and its replacement with new bone and greater bone volume may have been achieved in the grafted sites compared to the control group. This absence of more pronounced new bone formation may have been partly a result of dermal and periosteal collapse covering the defects and intracranial pressure, leading to a decreased defect space.
The rabbit is commonly used in animal experiments for medical research. Some of its advantages are that it is easily handled, has a rapid bone turnover rate, and is fully mature within 6 months. Rabbit cranial defects provide a good firstphase bone model for experiments related to bone grafting materials and evaluations of bone regeneration due to the adequate amount of bone marrow facilitating bone formation [44, 45] . Moreover, the rabbit has a larger cranium than the rat, which makes it possible to create multiple defects in one cranium, which reduces operation time, costs, and observational errors among individuals. The remodeling phase in rabbit is about three times more rapid than in humans; therefore, a healing period of 2 to 4 weeks was considered appropriate to evaluate the early healing response, and 8 weeks or more can be used to assess late healing, such as bone incorporation, resorption of materials, bone remodeling, or the amount of bone regeneration [46] [47] [48] [49] [50] .
A clinical study of Froum et al. [51] calculated vital bone formation using SBC with biphasic calcium phosphate (BCP) following bilateral sinus grafting. SBC was compared with (Bio-Oss) 6 to 8 months following graft placement. The result was the same as in the present study: The amount of vital bone formation was not significantly different. However, the study was in the human maxillary sinus and the authors waited 6 to 8 months before performing histomorphometric analysis. The bone mixture for each material was composed of 50% 0.25-to 1.0-mm-size particles and 50% 1.0-to 2.0-mm-size particles. Histologically, both materials appeared to be osteoconductive and support new bone formation. Froum et al. did not use a control (i.e., no sinus grafting). However, in the present study there was no statistically significant difference between control, SBC, and BioOss sites. The present authors speculate that if particle sizes with no to minimal overlapping had been chosen, the result might have been different.
Because synthetic HAs and bovine bone are not able to induce bone formation when implanted in subcutaneous muscle tissues and the maxillary defects in rats, these biomaterials are considered to be osteoconductive [52] [53] [54] [55] . Osteoconductive materials provide the appropriate scaffold or template to allow vascular ingress, cellular infiltration, and cellular attachment. Osteoinductive materials such as bone morphogenic proteins stimulate uncommitted cells to convert phenotypically to osteoprogenitor cells.
The present study is similar to a recent published clinical study [56] . In which the investigators used qualitative histological and quantitative histomorphical analysis. The extrapolated data from our study showed that both SBC and Bio-Oss are osteoconductive and acceptable bone substitute materials for bone augmentation, which is in agreement with the study of Frenken et al. [56] .
CONCLUSIONS
In the present study in a rabbit grafting model, Straumann Bone Ceramic generated less new bone compared to Bio-Oss and control groups, although the differences in bone formation were not significant. Future studies with a larger sample size and different healing intervals should be designed to further clarify the differences between Bio-Oss and other bone substitutes.
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ONE-SENTENCE SUMMARY
Grafting with Straumann Bone Ceramic resulted in less new bone formation compared to Bio-Oss in a rabbit model, although this difference was not significant.
